Herbivorous insect pests living in the soil represent a significant challenge to food security given 2 their persistence, the acute damage they cause to plants and the difficulties associated with 3 managing their populations. Ecological research effort into rhizosphere interactions has increased 4 dramatically in the last decade and we are beginning to understand, in particular, the ecology of 5 how plants defend themselves against soil-dwelling pests. In this review, we synthesise information 6 about four key ecological mechanisms occurring in the rhizosphere or surrounding soil that confer 7 plant protection against root herbivores. We focus on root tolerance, root resistance via direct 8 physical and chemical defences, particularly via acquisition of silicon-based plant defences, 9 integration of plant mutualists (microbes and entomopathogenic nematodes, EPNs) and the 10 influence of soil history and feedbacks. Their suitability as management tools, current limitations 11 for their application, and the opportunities for development are evaluated. We identify 12 opportunities for synergy between these aspects of rhizosphere ecology, such as mycorrhizal fungi 13 negatively affecting pests at the root-interface but also increasing plant uptake of silicon, which is 14 also known to reduce herbivory. Finally, we set out research priorities for developing potential 15 novel management strategies. 
8 such as compensatory growth and root vigour are likely to be controlled by multiple loci, using QTL 146 approaches to identify genetic markers (e.g. for root vigour in raspberry: Graham et al., 2011) could 147 facilitate crop breeding for enhanced plant vigour and ability to withstand herbivore damage 148 without significant loss of yield. In rice, a number of genes associated with root architecture and 149 physiological functions have been identified, and/or cloned, which could be helpful to developing 150 root tolerance to herbivory (Wu and Cheng, 2014) . 151
152
The rate-limiting step for introgressing novel traits into crops is the ability to conduct high 153 throughput phenotyping (HTP) of root traits in large plant populations (Barah and Bones, 2015), 154 particularly under field conditions. While a range of phenotyping techniques and platforms have 155 been available for some time (e.g. George et al., 2014) , non-invasive imaging technologies have 156 been a particular focus of recent research effort (Fahlgren et al., 2015) . HTP using imaging could 157 provide a means to identify genotypic differences in response to root stress by using imaging-158 based indicators of changes in shoot physiology, such as stomatal conductance and water status, 159 leaf pigment composition or photosynthetic activity, that indicate root damage belowground. The 160 utility of plant imaging for HTP of plant-insect interactions is now being recognised (Goggin et al., 161 2015) and, when combined with other available -omic technologies (Barah and Bones, 2015), this 162 approach offers exciting opportunities for rapid advances in crop improvement for root pest 163 tolerance. 164
Plant resistance via direct defence 165
Plants resist root herbivory via physical and chemical defences (Rasmann and Agrawal, 2008) that 166 can be constitutive or inducible (van Dam, 2009; Erb et al., 2012) . Attributing plant responses 167 specifically to belowground herbivory is challenging to evaluate as it can be confounded with plant 168 responses to wounding and soil micro-organisms. Making the causative link, for example, requires9 experiments including mechanical damage and insect saliva or saliva ablated insects (Bonaventure, 170 2012; Acevedo et al., 2015). While only a few studies exist, root responses to herbivory appears to 171 involve modest JA induction, suggesting that roots are sensitive to fine changes in JA levels and/or 172 that other signalling molecules are involved (Erb et al. 2012) . 173
Physical defences 174
Root toughness is determined by structural macro-molecules and crystalline deposits such as 175 lignin, cellulose, callose, silicon and calcium oxalate (Arnott, 1966; 1976; Genet et al., 2005; Leroux 176 et al., 2011). Because of the heterogeneous soil environment, roots are amongst the most plastic of 177 plant organs and rapidly allocate structural resources to the roots to allow them to penetrate dense 178 soil and restricted openings (Gregory, 2006) . Increasing root toughness in response to herbivory 179 might be an effective defence. Fracture toughness driven by lignin concentration and composition 180 was reported to increase root penetration time by wireworms (Johnson et al., 2010) . Root soluble 181 free and conjugated phenolic induction upon leaf herbivory resulted in avoidance behaviour by D. 182 virgifera (Erb et al., 2015) and D. balteata (Lu et al., 2016) belowground. Callose may also be an 183 interesting candidate for physical resistance, as it was reported to be wound-inducible in the roots 184 of the pea, Pisum sativum (Galway and McCully, 1987) . Nevertheless, some specialist insects have 185 overcome such physical defenses, as is the case for the sap-sucking grapevine pest, phylloxera, that 186 feed on lignified roots (Powell, 2008) . 187
Root hairs (or trichomes) are specialized cells that play an important role in water and nutrient 188 uptake (Gregory, 2006) . They may also provide some physical protection against insect herbivory, 189 potentially by preventing small neonate insects from reaching and penetrating the root epidermis 190 and also providing refugia for the herbivore's natural enemies (e.g. EPNs). In both these respects, 191 root hairs might have similar functional roles as leaf trichomes aboveground (e.g. Karley et al., 192 2015) . reviewed AMF impacts on plant parasitic nematodes and proposed a number of mechanisms for 305 how AMF assist plant tolerance and resistance to nematode parasitism. Some of these mechanisms 306 are less likely to apply to insect herbivores, such as competition for infection sites and host 307 nutrients, but others such as ISR and altered patterns of root exudation could explain why root 308 herbivore performance deteriorates on AMF-infected plants (Johnson and Rasmann, 2015) . In 309 particular, Schouteden et al. (2015) provide numerous examples of AMF priming defences of plants, 310 especially in terms of upregulation of defence genes, which they suggest could underpin plant 311 defences against plant parasitic nematodes. These could also be effective against root-feeding 312 insects, but this has yet to be empirically demonstrated. 313
The impacts of endophytes, whether foliar or root colonising, on root herbivores have been even 315 less studied (Hartley and Gange, 2009 ). The Japanese beetle Popilla japonica responded negatively 316
to Acremonium coenophialum infected ryegrass (Potter et al., 1992) , while N. lolii infected ryegrass 317 had no effect (Prestidge and Ball, 1997). Activation of the JA and SA pathways most likely underpin host plant resistance to herbivores 334 (Pineda et al., 2010) . PGPR do not increase production of these hormones directly, but appear to 335 prime host plants for attack by initiating these resistance pathways, stopping short of synthesising 336 all products in the pathway (Orrelland and Bennett, 2013) . Plants are thus able to respond more 337 rapidly to attack. Unlike AMF, which has received modest attention (Johnson and Rasmann, 2015) , 338 on the JA and SA pathways. Indeed, inoculation of maize plants with the PGPR Azospirillum 340 brasilense repelled and decreased the performance of the root herbivore D. speciosa (Santos et al., 341 2014 ). This particular PGPR is known to significantly alter the secondary metabolite profiles in 342 maize plants (Walker et al., 2011) . Other herbivore species with root-feeding larval stages, such as 343
Acalymma vittatum and D. undecimpunctata, are also negatively affected by PGPR, though these 344 studies used adult insects that feed on foliage rather than the root-feeding larvae (Zehnder et considerably in their behaviour and foraging strategies, they all have an obligate parasitic biology 365 that involves penetration into an arthropod host for successful development and reproduction. 366
They move from host to host as infective juveniles, a resistant form that can survive under adverse 367 conditions for several days to months, even when deprived of food (Kaya and Gaugler, 1993) . Once 368 inside the host, they release symbiotic bacteria, which multiply and produce a toxin that causes 369 septicaemia and within days kills the insect pest, which then provides a food source for the 370 nematodes. 371
Rhizosphere engineering to enhance plant protection via plant mutualisms 372
Particularly beneficial AMF strains and/or by management practices to encourage native AMF 373 communities can enhance plant performance (Hamel, 1996) have parallels with protection from root herbivores (Chave et al., 2014) . In particular, certain crop 458 rotations have been shown to promote beneficial organisms added to the soil, which resulted in 459 greater protection of potato plants from pathogens (Larkin, 2008) . In tomato, intercropping has 460 also been used to supress disease (Yu, 1999) believing that they could also be effective against root-feeding insects. Engineering soil physical 469 and biochemical properties may also directly alter root herbivore performance, and its interaction 470 with the plant, but still requires a large research effort (Erb and Lu, 2013) . 471
Translation: the best opportunities for application 472
The soil environment is an opaque, tri-phasic medium and has presented significant challenges to 473 understanding how plants interact with the rhizosphere. Ironically, these properties may make this 474 environment more germane to longer term and sustainable manipulation in some cases. In 475 particular, it is a stable environment that is less susceptible to environmental perturbations that 476 frequently disrupt pest control strategies deployed aboveground. Inclement weather, for example, 477 severely disrupts biological and semio-chemical based control strategies aimed at protecting crops 478 aboveground. In contrast, the soil is buffered to some extent from such disturbances and control 479 agents (biological or chemical) will dissipate more slowly and therefore persist for longer. 480
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We set out research opportunities and priorities (Fig. 1) and the potential management outcomes 482 they could deliver (Fig. 2) for the four mechanisms we have considered. As we discuss above, the 483 soil environment offers some advantages for pest management but it also presents a number of 484 challenges. In particular, the prevailing soil conditions are likely to be crucial determinants of the 485 success of rhizosphere intervention. For example, soil water, temperature and porosity are pivotal 486 to the efficacy of EPNs (Barnett and Johnson, 2013), whereas the existing microbial communities of 487 soils will determine the competitive success of inoculated AMF (Hartley and Gange, 2009 ). We 488 therefore stress that research needs be conducted in the context of variable soil conditions, some 489 of which will be more important than others (Fig. 1) . Knowing the optimal soil conditions for each 490 intervention could help inform which management strategy to use to create these optimal 491 conditions and which to avoid (Fig. 2) . 492
Plant tolerance 493
Plant tolerance and compensatory root growth should be targeted. The advent of non-invasive HTP 494
to screen large numbers of plant phenotypes to identify those desirable root traits (e.g. vigour) 495 may assist here, particularly when used in conjunction with QTL to identify genetic markers for 496 these traits (Fig. 1) . Ultimately, crop lines with known tolerance to root herbivores across a range of 497 soil conditions could be selectively deployed (Fig. 2) . 498 499
Direct plant defences 500
Plant resistance via direct secondary metabolites is a challenging approach simply because insects 501 quickly adapt to such chemicals and there is emerging evidence that several root herbivores 502 actually benefit from their presence (see examples in Johnson and Nielsen, 2012) . Avoidance of 503 plant genotypes expressing high concentrations of such secondary metabolites would clearly be 504 beneficial. Wider characterisation of how root defences affect root herbivores would help identify 505 23 whether secondary metabolites actually had anticipated negative impacts on root herbivores. 506
Where defences were effective, trade-offs for the plant traits (e.g. growth, yield and other defences) 507 must be assessed in addition to whether the root herbivores are likely to become adapted to the 508 defence (Fig. 1) . This evidence-based information would be valuable for practitioners for selecting 509 crops and cultivars, particularly in systems and regions that had a history of pest incidence (Fig. 2) . 510
511
Exploiting silicon-based defences may be easier and less complicated to implement. Identifying 512 plants and plant genotypes with naturally high silicon accumulation under different soil conditions 513 and their effects on root herbivores is a particularly promising line for future research. As discussed, 514 silicon accumulation has a genetic basis, so genotyping of lines by mRNA sequencing and 515 genome-wide association studies could identify candidate genes responsible to high uptake (Fig.  516   1) . The potential exists to both exploit the natural variation in silicon uptake between cultivars, and 517 to engineer crop lines with high uptake rates by over-expressing the main silicon transporter-518 mediated uptake mechanism. This could be enhanced with silicon fertilisation, particularly in 519 agricultural soils with depleted levels of bioavailable silicon (Fig. 2) . 520 521
Exploiting mutualisms 522
Further controlled and field testing with AMF, endophytes and PGPR is needed to ensure that 523 inoculations persist in the field. Particular strains that confer pest resistance will do better in some 524 soil types than others, so it is likely that context specific products will need to be developed in 525 addition to identifying management strategies (based on experiments with varying different soil 526 conditions) that either promote or adversely affect persistence (Fig. 1 ). An additional benefit of 527 increasing endophyte and AMF colonisation of crops would be a likely rise in their silicon content 528 (see 6.2), with potential improvements in resistance against root-chewing pest species. Certain crop 529 24 systems that utilise micro-propagation and biopriming of plantlets seem ideal candidates for 530 inoculation with beneficial microbial strains (Fig. 2) . (Fig. 1) . This research could allow practitioners to apply 541 EPN capsules at the beginning of growing seasons and avoid repeated application of pesticides. 542 Moreover, it may be possible to apply multiple agents to work synergistically to control root 543 herbivores (Fig. 2) . 544
Plant-soil feedbacks 545
Transplant experiments have proved very useful for determining patterns in plant-soil feedbacks 546 and could be extended to determine the effects on root herbivores (Fig. 1) . Taking into account soil 547 physical, biochemical and biological properties and knowing their impact on the plants that will 548 grow in this medium, will be needed to optimally select species for the crop rotation and inter-549 cropping. Although the principles of soil feedbacks are already in use, better comprehension will 550 allow the development of more effective crop rotation and/or inter-cropping systems that help 551 maximise negative impacts on root herbivores (Fig. 2) . 552 pests has been particularly damaging to a number of ecosystems (Johnson and Murray, 2008) . It is 555 also an approach that is becoming increasingly redundant because of economic and legislative 556 factors, so alternatives are urgently sought. We contend that our increasing understanding of 557 rhizosphere ecology may provide some of these answers by allowing us to manipulate ecological 558 interactions in such a way as to control these extremely damaging plant pests. 
